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ABSTRACT
We present Hubble Space Telescope (HST) imaging, a Very Large Array (VLA) radio map
(4.74 GHz), optical high-resolution (echelle) spectroscopy and UBV photoelectric photometry
of the symbiotic star CH Cyg obtained during its 1998–2000 active phase. The HST imaging,
taken during eclipse, shows the central stars are embedded in a nebula extending to 620 ±
150 au for a distance of 270 ± 66 pc. The inner nebula is strongly influenced by the onset of
activity and associated outflow in 1998. The surface brightness contours of the contemporane-
ous radio VLA observation agree well with HST images. Photometric observations of the broad
1999 U-minimum suggest that it is due to the eclipse of the active hot component by the giant
on the long-period (14.5 yr) outer orbit. We also find that the onset of the 1998 and the 1992
active periods occur at the same orbital phase of the inner binary. Spectroscopic observations
reveal two types of outflow from the active star: a high-velocity (>1200 km s−1) hot star wind
sporadically alternating with a more massive outflow indicated by P-Cygni-like profiles. We
present evidence connecting the extended nebulosity with the high-velocity shocked outflow,
and hence the activity in the central binary.
Key words: binaries: eclipsing – binaries: symbiotic – circumstellar matter – stars: individual:
CH Cyg – radio continuum: stars.
1 I N T RO D U C T I O N
Symbiotic stars are an extreme case of interacting binaries, with
separations of a few to a few 10s of au. They are composed of a
cool component (CC), typically a red giant or Mira-type variable,
and a hot component (HC), usually a white dwarf associated with an
ionized component of the CC wind. An infrared sub-classification
has been made, dividing the class into dusty-types (D-types), and
stellar-types (S-types), based on the dominant contribution to the
IR. Early modelling of the radio emission has shown that D-types
typically have separations of 10 or more times that of S-types. Some
of these objects show irregular optical outbursts, somewhat similar
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to those of dwarf novae (see e.g. Kenyon 1986; Mikol✥ajewska 1997),
(for further discussion).
CH Cyg is an S-type symbiotic star which shows such irregu-
lar outbursts or ‘active phases’ (see Fig. 1). It is one of the most
enigmatic objects among the symbiotic stars.
Prior to 1963 it was inactive and often used as an MKK stan-
dard for the M6 III spectrum. Symbiotic activity was recorded
for the first time at the beginning of the 1960s (Deutsch 1964).
Mikkola & Tanikawa (1998) tried to explain these changes
by a dynamical phenomenon known as the Kozai resonance,
which causes large long-period eccentricity variations in the inner
binary.
The symbiotic phenomenon of CH Cyg has no counterpart to
other symbiotics in any of its main features. During active phases it
develops a low excitation line spectrum and a blue continuum with
a characteristic temperature of ∼6–9 × 103 K. During quiescent
phases the symbiotic phenomenon practically disappears and the
spectrum resembles that of an M giant.
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Figure 1. The U (•) and V (+) lightcurves of CH Cyg during its symbiotic phase. Periods of activity are seen best in U. Eclipses in the outer and the inner
binary are denoted by E and e, respectively.
In active phases, very complex kinematics have been observed
in the circumstellar matter. At the optical maximum, in 1982–84,
an irregular infall of material to the central star was indicated (e.g.
Skopal, Mikol✥ajewski & Biernikowitz 1989). The transition to quies-
cence, in 1984–86, was characterized by an extreme (symmetrical)
expansion of the wings of hydrogen lines up to ∼±2500 km s−1
(Mikol✥ajewski & Tomov 1986) and bipolar jets in the radio (Taylor,
Seaquist & Mattei 1986; Crocker et al. 2001). In the 1992–95 active
phase, a complex emission/absorption structure, predominately of
the P-Cygni type, was a typical feature of the hydrogen line profiles
(e.g. Skopal et al. 1996b).
Mikol✥ajewski, Mikol✥ajewska & Tomov (1987) found that CH
Cyg is an eclipsing system, while Mikol✥ajewski, Mikol✥ajewska &
Khudyakova (1990), (and references therein) found an ephemeris
of JDmin = (2 446 275 ± 75) + (5700 ± 75) × E . Hinkle et al. (1993)
suggested a triple-star model consisting of an inner symbiotic binary
contributing the short 756-d period, in orbit with an unseen G–K
dwarf on a 14.5-yr period. Skopal et al. (1996a) found that CH Cyg
was an eclipsing triple, and the star on the long-period orbit is a
second giant. The eclipsing nature of the system was confirmed by
Iijima (1998). In this model only the symbiotic pair is responsible
for the observed activity, with the HC being the active star. Pre-
liminary fundamental parameters of the triple CH Cyg model were
given by Skopal (1997). The distance to CH Cyg is 270 ± 66 pc,
based on Hipparcos satellite measurements (Viotti et al. 1997).
Here we present contemporaneous Hubble Space Telescope HST
and Very Large Array (VLA) imaging, high-resolution optical spec-
troscopy and UBV photometry. These were obtained during the most
recent active phase of CH Cyg, which began in 1998 May.
2 O B S E RVAT I O N S
2.1 HST imaging
The HST observations were made on 1999 August 12, as part of GO
programme 8330 on symbiotic stars. Three orbits were allocated
to CH Cyg, and observations were made in seven filters; F218W,
F437N, F469N, F487N, F502N, F547M and F656N. These were
chosen to sample a range of diagnostic lines, along with the red
and UV stellar continua. The exposure times and dominant lines for
Table 1. HST observation log.
Filter Exposure ¯λ  ¯λ Peak λ Scientific features and
times (s) (A˚) (A˚) (A˚) wavelengths (A˚)
F218W 100 2136 355.9 2091 Interstellar absorption
F437N 1000 4369 25.2 4368 [O III] λ4363
F469N 520 4695 24.9 4699 He II λ4686
F487N 200 4865 25.8 4863 Hβ λ4861
F502N 100 5012 26.8 5009 [O III] λλ4959, 5007
F547Ma 10 5454 486.6 5362 Stro¨mgren y
F656N 100 6562 22.0 6561 Hαλ6563
aDithered image.
images presented here are given in Table 1. Further details of these
filters are available from Biretta et al. (1996). The calibrated data
were retrieved from the HST archive. Each exposure was executed
in two subexposures to allow cosmic ray subtraction. The F547M
image used here was dithered to allow recovery of the full spa-
tial resolution. The pixel size was 0.0455 arcsec for the undithered
images and 0.02 275 arcsec for the dithered ones.
2.2 Optical photometry
UBV photoelectric photometry was performed using a single-
channel photon-counting device mounted at the Cassegrain focus of
0.6-m reflectors at the Skalnate´ Pleso and Stara´ Lesna´ observatories.
HD 182691 (SAO 31623, V = 6.525, B − V = −0.078, U − B =
−0.24) was used as a comparison star, and HD 183123 (SAO 48428,
V = 8.355, B − V = 0.478, U − B = −0.031) as a check star. The
uncertainty of these night-means is a few ×0.001 mag in the V and
B bands, and up to 0.02 mag in the U band.
2.3 Optical spectroscopy
High-dispersion spectroscopy was secured at the Asiago Astro-
physical Observatory with the REOSC Echelle Spectrograph (RES)
equipped with a CCD detector mounted at the Cassegrain focus of
the 1.82-m telescope at Mt. Ekar. In 1998 the RES was equipped
with a Thompson THX31156 UV-coated CCD detector with
1024 × 1024 19-µm pixels. Dispersions of 3.1, 3.2, 4.0 and
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4.5 A˚ mm−1 were obtained in the ranges 4330–4460, 4800–4940,
5800–5990 and 6480–6670 A˚ respectively. Exposures of 60 min
were used. The RES echelle orders were straightened using soft-
ware developed at the Astronomical Observatory of Capodimonte.
Thereafter the spectroscopic data were processed by using the ESO
MIDAS software package in the following steps: (i) flat-field and
bias subtraction, (ii) sky-background subtraction, (iii) calibration in
wavelength using a thorium lamp for comparison lines, (iv) correc-
tion for heliocentric velocity and (v) normalization to the continuum
level of unity.
Additional high-dispersion spectroscopy was secured at the Spe-
cial Astrophysical Observatory (SAO) in Nizhnij Arkhyz. Observa-
tions on 1999 January 3 and April 5 were secured with the Main Stel-
lar Spectrograph equipped with a CCD camera with 1040 × 1160
pixels (Panchuk 1998), located at the Nasmyth-2 focus platform
of the 6-m telescope of the SAO. Spectra on 1998 September 29
and 1999 May 2 were obtained with the Coude´ Echelle/Grating
Spectrometer (Musaev 1998). The spectrometer, equipped with a
CCD camera with 1242 × 1152 pixels, was mounted at the 1-m
‘Carl–Zeiss–Jena’ telescope of the SAO. Finally, the last two spec-
tra (1999 October 2, 2000 October 15) were secured at the Terskol
Observatory (3100-m altitude, northern Caucasus) with the echelle
spectrometer ‘Maestro’, equipped with a CCD camera with 1242 ×
1152 pixels, attached to the 2-m ‘Carl–Zeiss–Jena’ telescope.
The continuum of all the spectra was scaled to fluxes determined
by contemporaneous photometric measurements. The conversion
between the magnitude system and corresponding fluxes was made
according to Henden & Kaitchuck (1982). The log of observations
is given in Table 2.
2.4 VLA imaging
The VLA observations presented here were made on 1999
September 26 at 4.74 GHz, with a bandwidth of 50 MHz. Com-
parison with the primary calibrator 1331 + 305 (3C 286) gave the
flux of secondary calibrator 1927 + 612 as 1.335 ± 0.009 Jy at
4.74 GHz. The complex gain solutions for this calibrator were ap-
plied to CH Cyg. The VLA observations took place 46 d after the
HST observations, and 8 d before the last optical spectrum. Crocker
et al. (2001, hereafter Paper I) gives further details of the VLA
imaging since 1984.
3 R E S U LT S
3.1 Optical photometry
Fig. 1 shows the behaviour of the optical continuum measured photo-
electrically during the symbiotic phase of CH Cyg, which started in
Table 2. Log of spectroscopic observations.
Date Wavelength region Observatorya
(nm or species)
1998 Sep 5 425–680 A
1998 Sep 29 Hα, β, [O III] SAO
1999 Jan 3 446–462 SAO
1999 Jan 5 416–689 A
1999 Apr 5 426–443 & 446–461 SAO
1999 May 2 481–488 & 655–664 SAO
1999 Oct 2 Hα, β, γ , [O III] T
2000 Oct 15 Hα T
aA – Asiago Astrophysical Observatory; SAO – Special
Astrophysical Observatory; T – Terskol Observatory.
Figure 2. The U (•), B(), V (+) lightcurves of CH Cyg covering its recent
(1998–2000) active phase. The minimum observed between the end of 1999
May and 2000 January was caused by the eclipse of the active star in the
symbiotic pair by the giant on the outer, 14.5-yr period, orbit. The last
observations made in 2000 April suggest a fading of activity. The vertical
bars mark the times of our spectroscopic, HST and VLA observations.
∼1963. Variation due to activity is seen best in the U band. Our new
observations are plotted in Fig. 2, along with the times of the optical
spectroscopy, and the HST and VLA imaging. Each value in these
figures represents the average of the observations during a night.
The start of the active phase in mid-1998 is clearly seen in B and U,
while the suggested eclipse ingress in mid-1999 and egress at the
start of 2000 is superimposed on the decline from the active state,
which ended by mid-2000. Fig. 3 shows the presence of flickering
on 1998 July 30, and its absence on 1999 July 19. This flickering is
seen during the active phase, but not during the postulated eclipse
of the inner binary by the outer giant marked E in Fig. 1.
3.2 HST WFPC2 images
The HST WFPC2 images from 1999 August 12 are presented in
Figs 4 and 5. The central stars are located at the intersection of the
diffraction spikes in e.g. Fig. 5(b). In the images dominated by the
the UV continuum, [O III] lines, Hα and Hβ (Figs 4a,b,c, and 5a,b)
the emission is extended at a position angle of ∼165◦. The extension
is ∼0.7 arcsec north and ∼1.7 arcsec south of the central stars. The
structure of the extension is most clearly defined in the F502N im-
age (Fig. 4c), where three distinct compact components, one to the
north (N) and two to the south (S1, S2) are identified. These com-
ponents are also visible in the F218W image (Fig. 4a), the F437N
image (Fig. 4b), the F487N image (Fig. 5a) and the F656N image
(Fig. 5b). It is apparent from Fig. 5(b) that S1 and S2 are some-
what confused with the diffraction spikes due to the central stars.
However, these features are visible in Fig. 4(a), where the point
spread function (PSF) of the central stars is very weak. They also
appear independently in each of the star-subtracted images in Figs 4
and 5. It is also possible to trace a ‘loop’ structure between S1
and S2, with different parts of the loop evident in different images.
However the eastern edge of this loop lies along a diffraction spike,
and so we cannot be confident that part is real, which is seen in
Figs 4(b) and 5(a). Finally, there are partial rings of emission brack-
eting the central stars immediately to the east and west, the western
one being most obvious in Fig. 4(a). These may again be related to
the PSF of the central stars, so we cannot be certain of their reality.
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Figure 3. Example of a short-term variation during two nights located
out of (1998 July 30) and in (1999 July 19) eclipse. Observations are
U (•), B(), V (+) magnitudes respectively.
The ratio of the F502N map to the F437N map is very close to a
map of the ratio RO III of the [O III] lines around 5000 A˚ and the one
at 4363 A˚. Comparing a very approximate estimate of the continuum
emission measure within the radius of the giant star with that for the
extended nebula indicates that the innermost parts of the nebula have
an emission measure ∼50 000 times that of the extended nebulosity.
This means that the very inner regions, within the central pixel of
the WFPC2 images, dominate the continuum emission, but nebular
conditions result in line emission being less concentrated in the cen-
tre. Thus, we can approximately neglect continuum emission in the
extended nebulosity. This analysis also explains why the λ4363-A˚
line is very weak or absent in the optical spectra, but is still visible
in the images. Indeed, the total integrated emission in the F437N
image indicates that our spectra have insufficient sensitivity to de-
tect the extended region. The resultant RO III map is presented in
Fig. 4(d). In addition to features N, S1 and S2 being clearly seen
in RO III, the loop to the south and west of the extension is picked
out in high values of this ratio. Note that the region of this ratio
map around the central stars cannot be used for nebular diagnostics
due to the contribution from the stars and the significant continuum
contribution.
3.3 Optical spectra
The spectrum from 1998 September 5 is shown in Fig. 6, and it shows
the typical characteristics during the active phase. It is characterized
by emission lines of low ionization potentials, including lines from
O I, He I, He II, Fe II and Ti II. Similar spectra have been seen in
previous active phases (e.g. Skopal et al. 1996b). TiO bands char-
acteristic of an M giant are identifiable at λλ ∼ 4960, 5170 and
5440 A˚. The detail of the development of Ti II and Fe II lines in the
region λλ4495–4538 A˚ is shown in Fig. 7.
The [O III] 5007-A˚ line is also evident, and the evolution of this
and nearby lines is shown in Fig. 8. We note that the [O III] 4363-A˚
line is absent both in and out of the postulated eclipse. The Balmer
Hα, Hβ and Hγ lines are all double–peaked in this spectrum. In
1998 September these profiles are superimposed on a broad feature
with a width of 1200 km s−1. This feature persists in 1999, but is
weaker, and disappears during the postulated eclipse of the inner
binary by the outer giant (marked E in Fig. 1). The development
of these lines in 1998, 1999 and 2000 is shown in Figs 9, 10 and
11, respectively. The Hα and Hβ profiles for 1999 September 5 and
1992 August 11 are compared in Figs 9(c) and 10(c), respectively,
with the profiles in 1992 being single-peaked.
3.4 VLA images
The 4.74 GHz image is presented in Fig. 12(a) to facilitate compar-
ison with the HST Hα and Hβ images. The southern extension is
clearly seen, and the radio peak is co-incident with the central stars
in the HST images. Notable is the fact that the extension in the radio
continues significantly further to the west, and that the brightest part
of the extension (the fourth contour up) is co-incident with the loop
apparent in e.g. Fig. 4(c). The locations of features N, S1 and S2
are marked, allowing us to estimate the brightness temperatures at
each point as TB,N ∼ 1600 K, TB,S1 ∼ 2500 K, and TB,S2 ∼ 260 K,
taking the size of the features in the HST images into account.
3.5 Nebular diagnostics
A number of diagnostics of the physical conditions in the nebula
can be derived from the images presented here. The ratio RO III of
the F502N image (including both [O III] λλ4959 and 5007 A˚) to the
F437N image (including [O III] λ4363 A˚) depends on both electron
temperature Te and density ne (see Osterbrock 1989). We use the
formulation presented in Eyres et al. (2001) to perform this analysis.
With the caveats noted in that paper, we can draw firm qualitative
conclusions from Fig. 4(d). We also note that Reiss (2000) finds
that the CTE effect causes the brightness of the edge of an extended
region closest to the readout amplifier to be under-estimated, but the
brightness of the rest of the region to be essentially unaffected. The
readout amplifier for images CH Cyg is at a position angle of 193◦.
This means that the calculated RO III will be an under-estimate of
the true value on that edge of the nebulosity.
In the case of CH Cyg, it is evident that there are strong Fe II
lines in both the F437N and F502N passbands during activity (see
Fig. 6). However, Fig. 11 demonstrates that Fe II is subject to eclipse,
with the lines around λ4360 A˚ completely disappearing between
1999 April 5 and 1999 October 2. Around λ5000 A˚, Fig. 8 clearly
shows the Fe II line being significantly more reduced in eclipse than
the adjacent [O III] line. At the time of the HST observations, the
peak flux of the [O III] and Fe II lines are comparable, and the [O III]
emission is far broader. The fact that the Fe II lines are much
more strongly affected by the eclipse than the [O III] lines (and the
C© 2002 RAS, MNRAS 335, 526–538
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Figure 4. HST WFPC2 images of CH Cyg through the filters as marked. Contours are 3, 6, 12, 24, 48, 96, 192 times (a) 5 × 10−15, (b) 3 × 10−15 and
(c) 4 × 10−15 erg cm−2 s−1 A˚−1 arcsec−2. Grey-scale ranges are (a) 5 × 10−16 to 8 × 10−13, (b) 3 × 10−15 to 1 ×10−12 and (c) 2 × 10−15 to 2 × 10−13 erg
cm−2 s−1 A˚−1 arcsec−2. (b) and (c) are star-subtracted. (d) Ratio of Figs 4(b) and (c). The single contour is RO III = 2 , grey-scale from 0 to 9.4.
complete disappearance of the Fe II lines around λ4360 A˚) indicates
that the Fe lines orginate close to the binary. Thus, we believe the
approximate RO III map is unaffected by Fe emission, except near the
central stars, a region which we disregard as being unrepresentative
of the nebular emission in any case.
As described by Eyres et al. (2001), radio brightness temperature
Tb also depends on both electron temperature Te and density ne.
Comparing Figs 4(d) and 12(a), we can determine the conditions as
a function of position. Loci for values of RO III, Tb and typical values
of l (the path length through the nebula) are given in Figs 13(a), (b)
and (c) for N, S1 and S2 respectively. It is clear that the main source
of uncertainty in this analysis is the value adopted for l. A reasonable
estimate would be to place it at somewhere between the largest and
the smallest angular size seen on the sky. When estimated in this
fashion, it also depends linearly on the distance. At a distance of
270 pc, this gives lN  lS1  70 au, and 35 au < lS2 < 70 au. It is
also possible that the extended emitting region has a depth along
the line of sight very much different from the extension on the sky.
Thus we also rather arbitrarily consider lN  lS1  lS2  3.5 au and
lN  lS1  lS2  640 au, where the former value is approximately
one tenth of the smallest angular scale on the image (the width
of S2) and the latter value the largest angular scale on the image
(∼2.4 arcsec). We restrict this size to that region contributing to these
diagrams; Corradi & Schwarz (1997) and Corradi et al. (1999) find
much more extended nebulosity, but we assume we are not seeing a
very extended region of radio and [O III] emission end-on. The peak
values of RO III are 4.5 (N), 9.5 (S1) and 7.3 (S2). From Section 3.4,
we have TB,N ∼ 1600 K, TB,S1 ∼ 2500 K, and TB,S2 ∼ 260 K. On
inspection, it is apparent that a value of l = 640 au gives a locus
which is nowhere near the RO III locus for S2, so we do not include
that locus in Fig. 13(c). Interpretation of these diagnostic diagrams
is made in Section 4.5.
The F469N image (Fig. 5c) is dominated by He II λ4686 A˚ emis-
sion. This filter is a discriminator of strongly ionized regions (see
C© 2002 RAS, MNRAS 335, 526–538
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Figure 5. HST WFPC2 images of CH Cyg through the filters as marked. Contours are 3, 6, 12, 24, 48, and (a) 72, 96 times 6 ×10−15, (b) 72 times 6 ×10−14
erg cm−2 s−1 A˚−1 arcsec−2, (c) 72, 96, 192 times 3 × 10−15, (d) 72 times 2.4 ×10−14 erg cm−2 s−1 A˚−1 arcsec−2. Grey-scale ranges are (a) 6 ×10−14 to
4.7 × 10−12 and (b) 3 × 10−15 to 9 × 10−13 erg cm−2 s−1 A˚−1 arcsec−2, (c) 3 × 10−15 to 2.56 × 10−12, (d) 2.4 × 10−14 to 2.3 × 10−12 erg cm−2 s−1
A˚−1 arcsec−2.
Osterbrock 1989). It can be seen from the image that feature N and
the loop feature to the south are visible in He II.
3.6 Extinction mapping
If the radio emission is entirely thermal in nature, then the ratio
of the radio emission to hydrogen line emission (e.g. Hβ) can be
used to map the extinction across the nebula (Eyres et al. 2001).
This in turn may be used as a tracer of nebular dust. In addition the
minimum value of the extinction on this map is an upper limit on
the true interstellar extinction. In the case of CH Cyg, we can com-
pare the 4.74 GHz image (Fig. 12a) with the HST WFPC2 F487N
image (Fig. 5a). In order that the two brightness maps could be used
to form the extinction map, the radio image was divided by the beam
area  = 0.1674 arcsec2 and the Hβ image was multiplied by the
filter width λ = 25.8 A˚. In addition, the Hβ image was convolved
with the VLA beam to ensure the comparison of like-with-like. For
Te = 104 K, the extinction is then given by
E(B − V ) = 1
1.46
log
Fν
Fobs(Hβ)
− 8.33 (1)
where Fobs(Hβ) (erg cm−2 s−1) is the observed Hβ flux, represented
in our case by the F487N image, and Fν (Jy) is the radio flux density,
represented in our case by the VLA image. The resultant extinction
map is presented in Fig. 12(b), where the image is blanked beyond
where the radio flux density dropped below the 3σ limit of 0.1 mJy
beam−1. The range of values in the unblanked regions is 0.54 <
E(B − V ) < 1.6. Note that the value of E(B − V ) near the central
stars cannot be trusted, as the emission there is not entirely nebular.
In addition, to the south-west there is radio emission where little
emission is evident in the optical, leading to the high values of
E(B − V ) seen there. For those regions where there is significant
Hβ emission and little contamination from the central stars, 1 <
E(B − V ) < 1.2.
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Figure 6. Spectrum of CH Cyg on 1998 September 5. The high-velocity hot star wind (±1200 km s−1) developed in the H I and He I lines. Fluxes are in units
of 10−12 erg cm−2 s−1 A˚−1. The He II λ4686, Hβ and Hα line profiles are also presented scaled and offset to show the detail.
4 D I S C U S S I O N
4.1 The 1999 U-minimum
At the beginning of 1999 June, the brightness of the star in U and
B dropped by about 2 and 1 mag, respectively, in around 10 d, and
persisted at this level for ∼6 months. In 1999 December we observed
a sudden increase by 1 and 0.5 mag in U and B, respectively. An
additional increase of brightness to ∼9 in U was observed in 2000
January (Fig. 2). This minimum was superimposed on a decline
from the peak of the active phase.
This minimum occurred close to inferior conjunction of the outer
giant with the inner binary. It lasted for 6–7 months. Both the timing
and the duration of the dip is similar to those of the eclipses in
1971 and 1985 (marked E in Fig. 1), and all three dips are more
pronounced in U than in B. Finally, the three dips are placed around
14.5 yr apart, close to the suggested period for the outer giant from
radial velocity measurements (Hinkle et al. 1993) and optical and
IUE spectra (Mikol✥ajeswki et al. 1990). Therefore we suggest that
this minimum was caused by the eclipse of the active star in the
symbiotic pair (i.e. the inner binary) by the giant star on the outer
long-period orbit. Further observational results of ours support this
interpretation as follows.
(i) The rapid (minutes to hours) variability in the blue contin-
uum disappeared in the minimum, while out of the minimum it was
seen clearly (Fig. 3). Flickering variations represent a typical fea-
ture of CH Cyg activity. Such variability is generally thought to be
connected with variations in mass-transfer rates, and hence active
regions of an accretion disc. Flickering has already been reported by
many authors (e.g. Slovak & Africano 1978), but its absence during
eclipse is a new result.
(ii) Fluxes in the hydrogen Balmer lines faded significantly (Hγ
line disappeared) on 1999 October 2 (Figs 9, 10 and 11). Again,
if the Balmer lines are associated with either an accretion disc or
a mass outflow in the inner binary, this would support the eclipse
C© 2002 RAS, MNRAS 335, 526–538
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Figure 7. Detail of the devlopment of Ti II and Fe II lines between 1998
September 5 and 1999 April 5.
hypothesis. However, Figs 5(a) and (b) show that there is an extended
component to the wavelength regions around the Hβ and Hα lines.
There is an insignificant continuum contribution to the extended
nebulosity (see Section 3.2 above). In addition, neither of these
lines disappear completely during the U minimum.
(iii) The nebular [O III] 5007-A˚ line was, however, still present
on 1999 October 2, and its flux was less than, but comparable with,
that observed out of the eclipse, while the He I 5016-A˚ line faded
significantly with respect to 1998 September 5 (cf. Fig. 8). From
Fig. 4(c), a significant part of the [O III] line flux may originate from
the extended nebula, and hence would not be eclipsed by the outer
giant.
The fact that we could not differentiate the peaks in the F218W
(ultraviolet continuum) and F547M (red continuum) filters is con-
sistent with the stars being in or close to eclipse during our
observations.
4.2 The line profiles
Hydrogen Balmer lines dominate the optical line spectrum of CH
Cyg during its active phases. The line profiles display significant
variations (Figs 9, 10 and 11). On 1998 September 5 we ob-
served double-peaked profiles, symmetric with respect to the cen-
Figure 8. Development of the nebular [O III] 5007-A˚ line is connected with
the extended nebula surrounding CH Cyg. The line is seen well also during
eclipse. Note that the He I 5016 -A˚ line is subject to eclipse.
Figure 9. Evolution in the Hα line on our spectrograms. (a) Symmetri-
cal double-peaked profiles in 1998 with broad wings extended to about
±1200 km s−1. (b) The profiles in 1999 are significantly influenced by a
strong blueshifted absorption, and by 2000 the Hα emission is significantly
reduced. (c) Comparison of typical profile observed during 1992–95 activity
with that from the current outburst.
tral absorption, superposed on a broad emission extended to about
±1200 km s−1. On September 29 the profiles were still of the same
type, but the broad wings were less pronounced. This basic double-
peaked morphology of the hydrogen profiles was also observed
during the main 1977–85 activity (Hack et al. 1988; Anderson,
Oliversen & Nordsieck 1980). The very broad emission suggests
the presence of a high velocity hot star wind, while the double-
peaked central part of the profile is consistent both with an accre-
tion disc around the hot star or an expanding shell. The accretion
disc interpretation is in agreement with previous works of Robinson
et al. (1994) and Skopal et al. (1998a). In addition, an accretion disc
located at the orbital plane would divide the source of radiatively
driven particles into two parts, which would naturally lead to the
bipolar nature of the nebula (Figs 4, 5 and 12, and Paper I). How-
ever our data cannot clearly distinguish between an accretion disc
and an expanding shell of material
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Figure 10. As in Fig. 9, but for Hβ.
On 1999 January 5 the double-peaked profiles were significantly
influenced by a strong blueshifted absorption component. As a re-
sult an absorption/emission structure had developed on the blue side
of the lines – best seen in Hβ and Hγ (Figs 10 and 11), superim-
posed on the double-peaked structure. This dramatic development
was similar to that observed during the previous 1992–95 active
phase (Skopal et al. 1996b). Such evolution is consistent with an
irregular mass outflow from the central star, probably more mas-
sive than via the hot wind. On 1999 April 5 the basic structure of
the Hγ line profile returned to that observed on 1998 September 5
(however, only the region with Hγ was secured; compare Figs 11a
and b), and on 1999 May 2 the profile was similar again to that
of 1999 January 5. Finally, on 1999 October 2 emission in the hy-
drogen lines significantly decreased, with Hγ disappearing entirely,
and the profiles lost the main characteristics observed on previous
spectra. This occurred during the eclipse of the inner binary by the
outer giant. The spectrum of 2000 October 15 (Fig. 9b) during the
post-activity quiescent state, shows the emission in the Hα has sig-
Figure 11. As in Fig. 9, but for Hγ . No 1992 comparison spectrum is avail-
able. During the eclipse the Hγ emission disappeared.
nificantly decreased. Only a faint emission placed at ∼6562 A˚ can
be seen. No signs of the mass outflow are present. This supports
the connection of strong Hα emission with activity in CH Cyg, as
suggested by Bode et al. (1991). We note that CH Cyg has shown
evidence of both outflow (e.g. this paper) and infall (e.g. Skopal et al.
1989) during active phases.
The most interesting result is the presence of two types of mass
outflow from the active star – indicated unambiguously by our ob-
servations for the first time. These are an optically thin outflow,
causing the broad >1200 km s−1 feature, and an irregular optically
thick outflow, suggested by the blueshifted absorption of the double-
peaked hydrogen lines. The development of a high velocity stellar
wind must be connected with the luminosity increase of the central
active object. An ignition of the central parts of the accretion disc
possibly results from a sudden increase of the transferred material
from the giant star. This view is supported by the fact that both the
1992 and the 1998 outbursts began at the same orbital phase of the
symbiotic pair, about 0.15 Porb prior to periastron passage (Fig. 14).
An increase of the blue continuum around the position of perias-
tron was already noted by Skopal et al. (1996b), (see their Fig. 2).
This type of mass outflow was not clearly seen during the 1992–95
activity, but dominated during the 1984–86 transition from activity.
We note that the rise in activity in 1977 occurred around apastron
passage, but that activity phase was more prolonged than the two
subsequent ones starting in 1992 and 1998.
In Fig. 7, we see that on 1998 September 5 the Ti II lines were
dominated by a central absorption feature, which also weakly mod-
ifies the Fe II emission profiles. Emission wings of these lines were
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Figure 12. (a) VLA image at 5 GHz. Contours are 3.3 × 10−5 times −3,
3, 6, 12, 24, 48, 96; grey-scale is 3.3×10−5 to 3.7 × 10−3 Jy beam−1. (b)
Extinction map derived from Figs 5(a) and 12(a). The single contour is
E(B − V ) = 1; grey-scale range 0.54 to 1.6. (See Section 4.3 for caveats on
interpretation of the deduced extinction values.)
extended to about ±200 km s−1. By 1999 January the emission
is narrower (±150 km s−1), and the absorption fainter and shifted
blueward. Our last spectrum on 1999 April 5 shows only emission
components of both the Ti II and the Fe II lines are present. The pro-
files extend to about ±50–100 km s−1. An absorption feature prob-
ably cuts the Ti II emission profile from its blue side. Qualitatively,
such evolution corresponds to expansion of a shell, which gradu-
ally becomes optically thinner. However, evolution in the hydrogen
lines indicates that the process of such expansion is very complex,
resulting in the high-velocity mass outflow from the active star in
CH Cyg.
A massive outflow which totally destroys the blue wing of the
emission profile resembles that observed in other symbiotics during
outburst stages (e.g. BF Cyg – Cassatella et al. 1992; Skopal et al.
1997). At present, the physical nature of such activity is rather un-
certain. According to energy balance, it was suggested that the out-
burst of BF Cyg is powered by a thermonuclear runaway (Cassatella
Figure 13. Diagonstic diagrams for (a) feature N, Tb = 1600 K, (b) feature
S1, Tb = 2500 K, (c) feature S2, Tb = 260 K. Values of ratio RO III and path
length l are as marked.
et al. 1992), however there are problems explaining the short recur-
rence time between outbursts (cf. Sion 1997). In the case of CH Cyg,
both the very low luminosity and short recurrence time (cf. Fig. 1)
are in conflict with such an explanation. Therefore, the question
‘What powers the high-velocity mass outflow from the central star?’
remains open.
It is also of interest to compare hydrogen profiles observed during
the 1992–95 active phase with those measured during the present
activity (bottom panel of Figs 9 and 10). The location of the main
emission component of the line profiles from 1992–95 coincides
with the central absorption being presented during the 1998–2000
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Figure 14. The onset of active phases as a function of the orbital phase of the
inner binary (756-d period). Both the 1992–95 and the 1998–2000 outbursts
of CH Cyg started at the same orbital phase (within the uncertainties in J D0
and Porb), ∼0.15Porb prior to the periastron passage (marked π). Orbital
phase was calculated as in Skopal (1995).
outburst. Qualitatively, it indicates that the accreted material around
the active star was more massive during the recent activity.
4.3 The extinction towards CH Cyg
Many previous estimates of E(B−V ) exist, and are given in Table 3.
It is clear that fitting the 2200 A˚ interstellar feature and photometric
studies of the field around CH Cyg (Mu¨rset et al. 1991; Selvelli &
Hack 1985; Slovak 1982; Slovak & Africano 1978) give low val-
ues [0.01 < E(B − V ) < 0.1] while assuming emission from ther-
mal gas at 104 K (Ivison et al. 1991; Blair et al. 1983, and this paper)
gives high values [0.79 < E(B − V ) < 1.4].
In the case of our analysis (Section 3.6), taking Te = 105 K, as we
suggest in Section 3.5, would have reduced the value of E(B − V )
by approximately 0.6 across the image. Extinction determined from
the hydrogen lines (as in Ivison et al. 1991; Blair et al. 1983) would
be similarly affected by the assumed Te. In Paper I we presented ev-
idence that the bipolar radio jets in CH Cyg included a non-thermal
synchrotron emission component, where the relativistic electrons
were accelerated through shock interaction and required the contin-
uous injection of fresh electrons. In this case Fν will be an overesti-
mate of the true thermal contribution at 4.74 GHz, and so E(B − V )
will also be overestimated.
Conversely, if we take the ultraviolet-derived value of E(B−V ) 
0.05 as the true interstellar extinction, then a gas temperature of
Table 3. Previous estimates of E(B − V ).
Date E(B − V ) Reference Method
(mag)
1988 September 0.79 1 Hα/Hβ
1980 August 1.05 2 Hα/Hβ
1985 May 0.1 3 2200 A˚
1978 0.05 4 2200 A˚
1985 January 0.01 5 2200 A˚
1977 October to 0.07 6 BVRI
1978 January 25
References: 1 – Ivison et al. (1991); 2 – Blair et al. (1983);
3 – Mu¨rset et al. 1991; 4 – Slovak (1982); 5 – Selvelli &
Hack (1985); 6 – Slovak & Africano (1978).
∼105 K is insufficient to fully explain the excess E(B − V ) deter-
mined from comparing the F487N image and the radio image. This
means that there must be an additional contribution to the radio flux
density over and above the thermal emission, further supporting the
presence of a non-thermal component. We also note that the 2200-A˚
feature has not been seen in circumstellar dust, so that the ultraviolet
(UV) method underestimates the total extinction in dusty sources.
An additional highly important effect influencing the extinc-
tion determination is that of self-absorption. This affects Hβ more
strongly than Hα, and leaves the radio emission unchanged. Conse-
quently, self-absorption has qualitatively the same effect as extinc-
tion by dust. If we consider the difference between the theoretical
Hβ to Hα ratio and the observed ratio, this can account for an over-
estimate of perhaps 0.6 in E(B − V ), assuming that self-absorption
is the only process causing this difference. From this it is clear that
the combination of self-absorption, shock heating of the ejecta and
a possible non-thermal radio component means that the value of
E(B − V ) derived here can be readily reconciled with the much
lower values derived for the field around CH Cyg and towards CH
Cyg from fitting to the 2200-A˚ interstellar feature.
4.4 Further HST images
Corradi et al. (2001) present a HST STIS CCD F28X50 O II image
made on 1999 October 1, (dominated by the [O II] 3726-A˚ line). This
image shows a number of arcs out to ∼4 arcsec from the central stars.
We also note a northern feature which is symmetrically positioned
about the central stars with the southern arcs; this feature is not
commented upon by Corradi et al. (2001). Further knots and plumes
at around 10 arcsec from the central stars are also seen in NOT
images (see fig. 1 of Corradi et al.). The detail of the inner 2 arcsec
of [O II] emission shows a southern extension coincident with the
western edge of southern feature in e.g. Fig. 4(c). We therefore
identify the southern extension in Fig. 4(c) as the inner arc, while
referring to the main southern feature at ∼4 arcsec from the central
stars as the outer arc.
We suggest three possible relationships between these arcs and
the activity associated with the central stars.
(i) The southern arcs at both ∼1.7 and ∼4 arcsec are due to mul-
tiple ejection events closely spaced in time, and associated with a
single active phase. This would obviously require the outer arc to
be travelling at approximately twice the velocity of the inner arc,
assuming a common origin at the central stars.
(ii) The southern arcs at ∼1.7 and ∼4 arcsec are due to separate
ejection events widely spaced in time, possibly related to activity
in the central binary (see further discussion in Section 4.5. If the
velocities are comparable, then the outer arc will have been travelling
perhaps 2–2.5 times as long as the inner arc, assuming a common
origin at the central stars.
(iii) One or both of the southern arcs are structures in the winds
of the giant components. In this case, the radio emission and other
structures represent an interaction between outflow during the active
phase and the existing giant winds.
4.5 The origin of the nebula
The H-line spectra from 1998 show a broad emission feature un-
derlying the bright double-peaked features. This is consistent with
the presence of a high-velocity wind. This feature forms at the be-
ginning of the 1998 brightening, and so can be associated with the
active star. Assuming this wind started close to the active star around
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1998 September and expanded at a velocity of 1200 km s−1, then by
the time of the HST observations in 1999 August (∼340 days) we
find that this wind should have an extent of 470 au. At the distance
of CH Cyg, this is an angular size of ∼1.8 arcsec, comparable with
that of the nebulosity seen in Figs 4 and 5. This is consistent with the
idea that the inner nebulosity is ejected material associated with the
optical active phases. It was noted in Paper I that the radio emission
was typically significantly more extended during or shortly after
previous active phases than during quiescent phases. The bipolar
nature of the nebula in both 1999 and in earlier phases of extended
emission (Taylor et al. 1986) is consistent with collimation of such
an outflow either by an accretion disc or the giant winds.
Referring to Fig. 13, we can see that the different values of RO III
for the discrete features N, S1 and S2 allow a range of different con-
ditions. The most difficult to understand are the diagnostic results
for feature N. The RO III locus does not intercept the Tb locus for
the most likely value of l = 70 au. The largest value for which the
Tb locus intercepts the RO III locus is l = 6.8 au. In this case, Tb 
2 × 105 K, ne  106 cm−3, i.e. a dense, hot region which is physi-
cally thin along the line of sight. A more likely explanation is that the
RO III diagnostic is in some way contaminated for feature N. Such
contamination could result from the star subtraction or an asym-
metric continuum distribution, but it is difficult to assess the real
cause.
The diagnostics for S1 and S2 are apparently more straight for-
ward to describe. For the most likely value of l = 70 au, S1 has
Tb  4.8 × 104 K, ne  3 × 105 cm−3. For l = 35 au, S2 has two
points of intercept: Tb  4.4 × 105 K, ne  2.2 × 105 cm−3, and
Tb  6 × 106 K, ne  2.6 × 105 cm−3. The largest value of l for
a single intercept with the RO III locus for S2 is 65 au, where
Tb  1.6 × 106 K, ne  2.3 × 105 cm−3. These are clearly subject
to some of the same sources of contamination as evidently affects
RO III for N, although presumably both the continuum and star sub-
traction have much lesser effects around S2.
In all cases it appears that Te > 10 000 K, the canonical value for
photoionized nebulae, and possibly Te  10 000 K. The only way
the nebulosity could have a temperature Te ∼ 10 000 K is if RO III 
30, which seems an unlikely level of contamination. In addition,
in Paper I we suggested that there was a non-thermal component
to the extended radio emission. This would mean that the Tb loci
appear at too large values of ne (because Tb is overestimated), and
require even greater values of RO III to bring the Te down to canonical
photoionized values. These high electron temperatures can only be
sustained if the outflowing material is shock heated, presumably by
interaction with the pre-existing giant winds.
We suggest that nebula features seen in fig. 1 of Corradi et al.
(2001) and Figs 4, 5 and 12 in this paper are due to ejecta associated
with the 1998–2000 active phase. We see two arcs to the south,
and possibly a third arc to the north, which we attribute to two
closely timed ejection events around the 1998 brightening phase.
The outer southern arc is due to a much more energetic event, and
is consequently much more extended and less dense during our
observations in 1999 October. A strong second possibility is that
the outer arc originated with the 1992–1995 activity phase, again as
ejecta. The ratio of the sizes of the arcs is comparable with the ratio
of the times since activity started in each case, indicating two phases
of ejecta expanding at similar projected velocities in the plane of the
sky (∼1000 km s−1). Corradi et al. (2001) report a tentative detection
in N II of a third arc 0.35 arcsec to the west of the central stars. Again
the ratios of the extents of these three arcs is in agreement with the
time-separation of the three active phases, including the one that
started in 1977. In this case, the expansion velocity in the plane of
the sky would only be ∼260 ± 50 km s−1. A third possibility is that
the outer southern feature is a pre-existing structure in the winds of
the giant components (travelling at a few 10s of km s−1) which has
been illuminated by the activity of the central star, and perhaps the
action of associated ejecta. In any case, however, the inner features
appear most consistent with directly imaged ejecta from the 1998–
2000 active phase, explaining both the structure on the sky and the
structure of emission lines from the spectra.
With imaging at further epochs, it should be possible to distin-
guish between these possibilities. We note for example that tracking
of any motion of the outer southern arcs in particular will possi-
ble from ground-based studies and should therefore be attempted
(Corradi et al. 1999, began this process). Ideally however further
HST observations should be secured to answer these questions in a
timely manner.
5 C O N C L U S I O N S
The results of this work include the following.
(i) Photometric observations show that during 1998 from May to
July the brightness of CH Cygni increased by about 3 mag in U, en-
tering a new active phase. Our observations also suggest the eclipse
of the active star in the symbiotic pair by the giant in the outer orbit.
The position, broadening and colours, of the dip, the disappearance
of flickering in the blue continuum and the spectroscopic obser-
vations made during the minimum all suggest its eclipsing nature.
From our long-term monitoring, we also suggest that the 1992–1995
and the 1998–2000 active phases began at the same orbital phase
for the inner binary, ∼0.15Porb before periastron passage.
(ii) Two types of mass outflow from the active star were ob-
served: a high-velocity hot star wind plus a massive outflow indi-
cated through a sporadic and complex absorption/emission structure
of the P-Cygni type on the blue side of the hydrogen lines. The for-
mer is consistent with an outburst in the central part of the accretion
disc around the active star, while the latter remains to be understood.
(iii) The timing and velocity of the fast wind seen prior to the
eclipse would lead directly to a nebulosity of the extent seen in the
HST and VLA images. At the same time, this wind develops when
the hot star becomes active, and the loss of the feature in eclipse
demonstrates that it is associated with the inner binary. Thus we
have the first direct evidence linking the extended nebulosity to the
fast wind generated when the hot star becomes active. In addition,
more extended nebulosity could be due to either a second, more
energetic ejection event in 1998, or an ejection event in 1992–1993
with similar velocity.
(iv) Comparison of the radio emission with the [O III] line ra-
tio shows that the extended emission has electron temperatures
∼100 000 K, consistent with a shocked outflow. If the radio emis-
sion has a dominant non-thermal component, as suggested in Paper
I, then this analysis is valid only for the thermal component of the
electron population. However the magnetic field compression nec-
essary for non-thermal emission also requires a shocked outflow.
Thus, whatever the nature of the radio emission in the extended
nebula, we can conclude that a shocked outflow is present. We also
demonstrate that the combined affects of self-absorption in Balmer
lines, a non-thermal component to the radio emission and shock
heating of the ejecta make estimating E(B − V ) from HST and ra-
dio data impossible in the case of CH Cyg.
(v) The double-arc structure apparent at ∼4 arcsec and
∼1.8 arcsec from the star suggests that the ejection process is
episodic. The smaller-scale arc is consistent with ejecta travelling
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outwards at ∼1200 km s−1 following the brightening in 1998. This
would place the outer arc either travelling much more rapidly and
being ejected slightly earlier, or travelling at a similar velocity and
hence being ejected a significant time before the 1998 brightening,
perhaps during the 1992–1995 active phase. The latter explanation
is consistent with the apparent lack of a higher velocity feature in
the spectra. Alternatively one or both the arcs may be due to existing
structures within the giant stars’ winds, which have become apparent
due to the impact of the activity in the central star and the develop-
ment of high-velocity ejecta. Given the existence of wind features
during the 1998–2000 activity, and the absence of such features out-
side of the active periods, we currently favour the explanation with
multiple ejection events at different velocities.
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